Imipenem is one of the β-lactam antibiotics (β-lactamase inhibitors), which are reported to be the most important class of drugs that are capable of inhibiting the bacterial enzyme to protect the β-lactam antibiotic from destruction. In view of the biological importance of imipenem as drug, the ligation behavior of imipenem is studied in order to get an idea about its potentiality towards some transition metals in in-vitro systems. The binary complex formation equilibria with the metal ions Cu(II), Ni(II), Co(II), Mn(II), and Zn(II) were investigated potentiometrically. The effects of dioxane as a solvent, on the protonation constant of imipenem and the formation constants of Cu(II)-imipenem complexes were discussed. The ternary copper(II) complexes involving imipenem and various biologically relevant ligands containing different functional groups, as amino acids, amides, dicarboxylic acids and DNA constituents were investigated. The stability constants of the complexes are determined. The mechanisms of complex formation are speculatively discussed based on the calculated stability constant values. The ternary complexes are formed by simultaneous reactions. The concentration distributions of various species formed in solution were also evaluated as a function of pH. 
Introduction
β-Lactam antibiotics (β-lactamase inhibitors) have long been known to behave as relatively efficient chelating agents. Imipenem (Imip) is one of these antibiotics. They are the most important class of drugs that are capable of inhibiting the bacterial enzyme to protect the β-lactam antibiotic from destruction [1] . The belief that antibiotics action is related to the ability of these compounds to form complexes with metal ions has stimulated investigations of the complexing properties of antibiotics as ligands [2] . This is due to the fact that some metal complexes are known to exhibit remarkable anti-tumour, antifungal, antiviral and special biological activities and the efficacies of some therapeutic agents are known to increase upon co-ordination [3] [4] [5] [6] . Many drugs possess modified pharmacological and toxicological properties when administered in the form of metallic complexes [7] . It was reported that some metal-based antibiotics such as bleomycin, streptonigrin, and bactracin have gained recognition and are more effective than pure drugs [3, 8] . The development of metal-based drugs with promising pharmacological application has been reported as transition metals can interact with a number of negativelycharged molecules due to different oxidation states they possess. It seems therefore to be of considerable interest to conduct investigations of solution equilibria and biological activity of binary metal ion imipenem complexes.
Despite the fact that the action of copper in humans has been intensively studied, the clinical picture of copper status is not always so straightforward, and less is known about the role of copper complexes in medicine. Yet it is evident that such compounds could be very important in medicinal procedures, and their role has probably been underestimated [9] . Therefore, the interaction of Cu(II) ion with therapeutically administered drugs is a subject of considerable interest [10] . In addition ternary complexes formed between metal ions and two different bio-ligands, may be considered as models for substrate-metal ionenzyme interactions and other metal ion mediated biochemical interactions [11] . Literature survey on imipenem reveals that no work has been reported on the formation constants of binary metal complexes with imipenem or ternary complexes of Cu(II) with imipenem and bio-ligands containing different functional groups. Consequently we thought it is worthwhile to study the interaction of Cu(II) with imipenem in the presence of ligands of biological significance as amino acids, peptides, or DNA units, including the study of the mechanism of their formation, calculation of stability constant, and evaluation of the concentration distribution of various species in solution. This may be useful in elucidating the mechanism of actions of this class of drugs and understanding the driving forces leading to formation of such complexes in biological systems.
The present study is a continuation of our previous work directed to study complex formation equilibria with biologically active ligands [12] [13] [14] [15] [16] . The aim of the present work is to conduct several investigations to study the complexing properties of imipenem, as one of the new β-lactam antibiotics as ligand, and to obtain information on the protonation equilibria and the binary and ternary complex forming ability of imipenem by establishing the composition and stabilities of the species formed. The second point of importance is the investigation of complex formation equilibria in solvents of lower polarity that represent some biological microenvironments, or simulate to some degree the situation in active site cavities. In spite that in vivo reactions take place in aqueous media, it has been reported that water is not an ideal model for in vivo reactions. In enzymes membranes and other biologically important media, the pKa values are far different from those in water, as these media tend to be lipophilic rather than hydrophilic. Therefore studies involving the calculation of the protonation constants in media other than water should provide some understanding of the chemistry of biorelevant ligands in biological systems. The effects of dioxane as a solvent on both the protonation of Imip and the formation constants of Cu(II) complexes with Imip are discussed.
Experimental

Materials and reagents
Imipenem was obtained from Sigma Chem. Co. Glycine, alanine, phenylalanine, proline, tyrosine, tryptophane, threonine, L-histamine dihydrochloride, L-histidine.HCl, ethanolamine.HCl together with the dicarboxylic acids as, oxalic, malonic, succinic, adipic and cyclobutane-1,1-dicarboxylate anion (CBDCA) were also provided by Sigma Chem. Co. The amides (Glycylglycine, glutamine, aspargine and glycineamide) and the DNA constituents (Uracil, uridine, thymine, thymidine, inosine, inosine 5'-monophosphate) were supplied by BDH-Biochemicals Ltd. For stability constant determination, solution of Imip (0.01 mol/dm 3 ) was prepared in two equivalents of HNO3 acid (0.02 mol/dm 3 ), freshly prepared solutions of Imip were used for all the measurements. L-Histidine.HCl (0.01 mol/dm 3 ) was prepared in one equivalent of HNO3 acid (0.01 mol/dm 3 ), Cu(NO3)2.2H2O was provided by DBH. The copper content of the solutions was determined by complexometric EDTA titrations [17] . Carbonate free NaOH (titrant) was prepared and standardized against potassium hydrogen phthalate solution. All solutions were prepared in deionized water.
Instrumentations
Potentiometric measurements were made using a Metrohm 751 Titrino. The titroprosessor was calibrated with standard buffer solutions potassium hydrogen phthalate (pH = 4.008) and a mixture of KH2PO4 and Na2HPO4 (pH = 6.865) prepared according to NBS specifications [18] at 25±0.1 °C and I = 0.1 mol/dm 3 . The electrode was calibrated by the method proposed by Irving [19] . The pH meter readings were converted into hydrogen ion concentration by titrating a standard acid solution (0.01 M), the ionic strength of which was adjusted to (0.1 M) with NaNO3, with standard base (0.10 mol/dm 3 ). The pH is plotted against p[H]. The relationship pHp[H] = 0.05 was observed. [OH -] value was calculated using a pKw value of 13.997 [20] . All potentiometric titrations were carried out in a double-walled glass cell of 50 mL capacity. The temperature of all solutions was maintained at 25±0.05 °C by circulation of thermostated water through the outer jacket of the cell. The solutions were stirred with a magnetic stirrer, and all titrations were performed in triplicate at an ionic strength of 0.1 mol/dm 3 (NaNO3).
Procedure and measuring technique
The acid dissociation constants of the ligands were determined potentiometrically by titrating the ligand ( 
The calculations were obtained from ca. 100 data points in each titration using the nonlinear least-squares computer program MINIQUAD-75 [24] . The stoichiometries and stability constants of the complexes formed were determined by trying various possible composition models. The model selected gave the best statistical fit without giving any systematic bias in the magnitudes of various residuals [24] . The results obtained in Table 1 -6 are at best reliable to two or three significant figures. The concentration distribution diagrams were obtained using the program SPECIES [25] under the experimental condition used.
Spectrophotometric measurements
Spectrophotometric investigations of Cu-Imip complexes were performed by scanning the visible spectra of solution mixtures (A-C). Under the experimental conditions and after neutralization of the hydrogen ions released during complex formation, it is supposed that the complexes have been completely formed.
(A). 
Results and discussion
In the present work the stoichiometric protonation constants of the studied secondary ligands viz. (amino acids, amids, dicarboxlic acids and DNA units) were determined under the experimental conditions used to determine the stability constants of the binary and ternary Cu(II) complexes. The values obtained are consistent with data reported in the literature [26] .
Binary complexes involving Imip with the metal ions Cu(II), Ni(II), Co(II), Zn(II) and Mn(II)
Imipenem contains several potential donor atoms that might be involved in coordination to the metal ions. The sulfur atom of imipenem is a typical thioether group. Thioethers are good nucleophilic centers that can fairly form chelates with metal ions. Therefore, coordination of imipenem to the metal ions is suggested most likely to occur through the sulfur atom and the amino group located next to the thioether center.
The potentiometric titration data of the binary metal complexes of some selected metal ions as Cu(II), Ni(II), Co(II), Zn(II) and Mn(II) with Imip together with the proton association constant of Imip are listed in Table 1 . The potentiometric titration curve for each of the studied metal ions with Imip is significantly lower than Imip titration curve. This corresponds to the formation of a complex through release of proton. The potentiometric titration curve of Cu(II)-Imip, taken as a representative of the binary complexes is presented in Figure 1 . The titration data were fitted to various models. The data were fitted satisfactorily with the model involving the formation of the species 110, 111 and 11-1. The good fit between the experimental and theoretical curves is an indication of the validity of the complex formation model. The concentration distribution diagram of various species as a function of pH for the binary Cu-Imip and Co-Imip complexes is shown in Figure 2 .
Visible electronic spectra
The electronic absorption spectra of aqueous Cu(II) and solution mixture of Cu(II) and Imip are compared. The spectrum of the hydrated Cu(II) ion (Mixture A) consists of a broad, weak band with a maximum wavelength at 815 nm, attributed to the 2 Eg → 2 T2g transition [27, 28] . This band undergoes a blue shift to 605 nm in the spectrum of [Cu-Imip] 2+ complex (Mixture B) (Figure 3 ). Upon increase of pH, further shift in the absorption spectrum to  max = 585 nm is observed (Mixture C) corresponding to the formation of [Cu(Imip,H−1)] + complex. The shift toward shorter wavelength in the absorption spectrum with increasing pH may be taken as evidence, supporting the potentiometric measurements, for the induced ionization of one of the hydroxyl group of Imip upon complex formation, calculated as the specie with the stoichiometry 11-1. 
Effect of solvent
Study of the effect of solvent on the acid dissociation constant of a ligand and the formation constant of bioactive metal complexes has important biological implications, as it allows extrapolating the data into physiological conditions. It is well established that the "effective" or "equivalent solution" dielectric constants in protein [29, 30] or active site cavities of enzymes [31] are small compared to that in bulk water. Hence by using aqueous solutions containing 10-50% dioxane, one may expect to simulate to some degree the situation in active site cavities [32] . In the present work the effect of dioxane on the protonation constant of Imip and the formation constants of Cu(II)-Imip complexes taken as an example of binary complexes was studied. Careful examination of media effects on the equilibrium constants (Table 2 ) reveals the following features:
(1) pKa of Imip increases linearly with increasing percentage of organic solvent in the medium, Figure 4 . This may be correlated with the ability of a solvent of relatively low dielectric constant to increase the electrostatic forces between the proton and the ligand and consequently the pKa value increases.
(2) The stability constant (Log K1) of the Cu 2+ -Imip complex increases with increase of dioxane concentration, Figure 4 . This can be interpreted in terms of an electrostatic model. In general, lowering of the dielectric constant of a medium (by increasing dioxane content) favors the interaction between the Cu(II) ion and Imip and consequently the stability constant of the complex increases. In general, the stability of compounds containing O-H link increases with increasing organic content of the solvent, due to the decrease in the dielectric constant of the bulk solvent. As the dielectric constant decreases the ionion interaction involving the proton and the anionic oxygen donor of the ligand increases to a greater extent than the ion dipole interaction between the proton and the solvent molecule. This finding is in agreement with literature data [33] .
(3) The deprotonation constant of Cu(II)-Imip complexes (pK1 H = Log β 110 -Log β 11-1) increased with increasing dioxane proportion. This change may be related to the decrease of the dielectric constant of the medium and an increase of the electrostatic forces between the Cu (II) cation and the anionic oxygen donor of Imip. 
Ternary complex formation equilibria
The formation constant of the binary complexes of amino acids, dicarboxylic acids and amides with Cu(II) presented in Tables 3-5 were taken from the literature [12, 13] . The results show that the chelating potential of the 1:1 Cu(II) complexes with Imip and other ligands, are found to be in the same order. Consequently the ligation of Imip and amino acids, dicarboxylic acids or of the amides to Cu(II) will proceed simultaneously. The validity of this model was verified by comparing the experimental potentiometric data with the theoretically calculated (simulated) curve.
Amino acid complexes
The titration data of the ternary complexes with amino acids and Imip fit satisfactorily with formation of the species: Cu(Imip), Cu(L), Cu(L)2, Cu(Imip)(L), Cu(Imip)(LH) and Cu(Imip)(LH-1), where L is the studied amino acids. These results were further verified by comparing the experimental potentiometric data with the theoretically calculated (simulated) curve, to support the ternary complex formation model.
Phenylalanine forms a more stable complex than alanine, although the amino group of phenylalanine (pKa =9.12 ) is less basic than that of alanine (pKa = 9.96) [12, 15] This may be due to some stacking interactions between the phenyl group of phenylalanine and the aromatic moiety of Imip as shown in Scheme 1. This will contribute to the stabilization of the formed complex.
The titration data of threonine fit satisfactory with the formation of the complex species [Cu(Imip)LH−1)] + . This species is formed due to the induced ionization of the extra binding β-alcoholato-group of threonine as mentioned in the literature [34] . The pKa value of the β-alcoholato-group incorporated in the Cu(II) complex (Log β 1110 -Log β 111-1) is 10.55. This is in good agreement with that reported in literature for the Cuthreonine complex [12, 13, 35] The pKa value of the coordinated alcohol group in the ethanolamine complex (8.14) is considerably smaller than of the threonine complex. This could be explained according to the reaction scheme where the alcohol group in ethanolamine is coordinated to copper center, where the OH group in threonine remains attached prior to deprotonation. Due to the donation of the electron pair on oxygen to the metal center, the OH bond can be considerably weekend and the ionization of a proton occurs at fairly low pH. It is also noticed that the Log 1110 value in ethanolamine is smaller than those for the amino acids. This may be attributed to the weaker coordination tendency of the neutral alcohol group compared to the negatively charged carboxylate group.
Histidine is a ligand having amino, imidazole and carboxylate group as possible binding sites. Histamine has only two binding sites via, amino and carboxylate group. Hence, histidine coordinates in either glycine-like or histamine-like mode. The stability constant values of histidine and histamine are considerably higher than those of amino acids. This indicates that both histidine and histamine would preferably coordinate through amino and imidazole group. Histamine has been shown to form protonated complex species (1111). The acid dissociation constants of the protonated species are given by the following equation.
The pKa value for the histamine complex is (6.10), being lower than that of the protonated amino group (-NH3 + ) in the histamine ligand (pKa = 9.85) but closer to that of the protonated imidazole (pKa = 6.12), considering the increase in acidity due to complex formation. This reveals that the proton in the protonated complex would be located mainly on the imidazole group.
Estimation of the concentration distribution of the various species in solution provides a useful picture of metal ion binding. The speciation diagram for complexes of threonine, taken as a representative amino acid, is given in Figure 5 . The [Cu(Imip)(Threonine)] complex species predominates in the physiological pH range and attains a maximum concentration of 100 %, between pH = 5.5 and 8.0. Upon increase of pH the hydroxo species [Cu(Imip,H−1)(Threonine)] starts to form up pH = 8 and attains a maximum concentration of 100 % at pH = ~12 .
Dicarboxylic acid complexes
The titration data of the ternary complexes with dicarboxylic acids and Imip fit satisfactorily with formation of the species: Cu(Imip), Cu(L), Cu(Imip)(L) and Cu(Imip)(LH)., Where L is dicarboxylic acids. The results in Table 4 show that the formation constants of the 1:1:1 complexes involving formation of five-membered chelate ring as in oxalic, and sixmembered chelate rings as in malonic and CBDCA are higher than those involving seven-membered, as in succinic, and eightmembered chelate ring as in adipic acid. This may be explained on the premise that the five and sixmembered rings are more favored energetically than the seven and the eight-memberd rings.
It is interesting to note that CBDCA has a higher stability constant than malonic acid, although they both form sixmembered chelate rings. This may be due to the higher pKa values of the former than the latter dicarboxylic acid. The pKa of the protonated species is 2.02, a value lower than that of the free H-CBDCA (5.68), which indicates acidification upon first chelation to Cu(II) through one carboxylate group by 3.64 pH units (5.68-2.02).
Amide complexes
The ionized amide residue of the peptide, [-CONH-], behaves as an important ligating group, and coordinates to metal ions as Cu(II), Pd(II), and Ni(II), through binding with the ionized amide group [36] . In the present investigation, ternary complex formation of amides proceeds also through simultaneous reaction. The species to be considered are Cu(Imip), Cu(L), Cu(LH−1), Cu(Imip)(L) and Cu(Imip)(LH−1), and their formation constants are given in Table 5 . The amide may form the Cu(Imip)(L) complex by coordination through the amine and carbonyl groups. It was reported that on increasing the pH, the coordination sites should switch from carbonyl oxygen to amide nitrogen [37, 38] . However, since the stability constant value of the 111-1 species is in fair agreement with those of amino acids, where there is no induce ionization. Therefore, it is assumed that the 111-1 species is formed through coordination of the hydroxyl group forming the hydroxo-complex. The speciation diagram of glycylglycine complex, as a representative amide, is given in Figure 6 
DNA-unit complexes
In this study, the ternary complex formation equilibria involving Cu(II) with Imip and some selected DNA units like uracil, uridine, thymine, inosine and inosine-5'-monophosphate were also studied, and the concentration distribution diagrams of the formed complexes species have been evaluated. On Comparing the stability constant value of Cu(II)-Imip with those of Cu(II)-DNA unit complexes it is clear that the value of the Cu(II)-Imip complex is considerably higher than those of Cu(II)-DNA unit complexes. This implies a stepwise mechanism for the formation of the ternary complexes of Cu(II)-Imip with DNA units, whereby Cu(II)-Imip complex is first formed due to its greater stability, followed by chelation of DNA constituent. The results are presented in Table 6 . The stepwise reaction of the ternary complex formation could be described by the equilibria presented in Equation (5) and (6) .
Cu(Imip) + D ⇌ Cu(Imip)D (6) (Charges are omitted for simplicity) Uracil, uridine, and thymine have only a basic nitrogen donor atom (N3-C4O group) in the measurable pH range. Fitting the potentiometric data of these pyrimidinic species was found to be consistent with the formation of the 1:1 and 1:2 complexes with Cu(Imip) 2+ ion. The inductive effect of the extra electron-donating methyl group of thymidine increases the basicity of its N3 group, consequently the thymidine complex is more stable than that of uridine.
As a result of the high pKa values of the pyrimidines (pKa > 9) and the fact that they are monodentates, their complexes are formed only above pH = 6, supporting the view that the negatively charged nitrogen donors of the pyrimidine bases are important binding sites in the neutral and slightly basic pH ranges. The calculated values show that the mixed ligand complexes of nucleosides are less stable than the corresponding bases. This is due to the steric hindrance caused by the suger residue in the nucleotides, which may reduce their complexation tendency with the metal ions and consequently reduces the overall basisty of the formed complexes considerably. Inosine and inosine 5´-mono-phosphate (IMP), as examples of purines, are reported to have two metal ion binding centers, N1 and N7 nitrogen's. Inosine forms the complexes 110 and 111, while inosine 5´-monophosphate forms 110, 111 and 112 complexes. The extra stabilization of inosine-5´-monophosphate complex with Cu(Imip) 2+ compared to that of inosine is due to the triply negatively charged 5´-imp 3- ion. The protonated species formed in case of inosine-5´-monophosphate corresponds to N7 coordinated complex, where the N1 nitrogen and the phosphate group are protonated. Figure 7 shows the speciation of inosine 5-monophosphate complex, where the species distribution of the complexes is plotted against pH. From Figure 7 it is clear that the species 112 and 111 are formed in the acidic pH region. The pKa values of the protonated species of the inosine-5´-monophosphate complex which corresponds to N1H group is 6.5 (Log β112 -Log β111). Whereas, the second protonated species which corresponds to the -PO2(OH) has a pKa value of 6.2 (Log β111 -Log β110). This means that acidification by 2.71 pKa units (9.21 to 6.50) for the N1H groups will occur upon complex formation, which is in consistent with that reported previously for inosine 5´-monophosphate and guanosine 5´-monophosphate [39] . The different coulombic forces operating between the ions resulting from the negatively charged phosphate group in inosine-5-monophosphate would result in extra stabilization of its complexes species compared to that of pyrimidines. By way of comparison of the relative stability of the ternary complexes formed with (Cu-IMP) and the DNA unites, through the stepwise mechanism, to the corresponding binary Cu-DNA unit complexes, the Log K values are calculated using Equation (7) . Log K has been widely accepted and used for many years [12, 40] and the advantages in using Log K in comparing stabilities of ternary and binary complexes have been reviewed. It expresses the effect of the bounded primary ligand towards an incoming secondary ligand (L). One expects to obtain negative values for Log K since more coordination positions are available for the bonding of ligand (L) in the binary than in the ternary complexes. This indicates that the secondary ligand (L) DNA form more stable complexes with copper (II) ion alone than with the Cu(II)-Imip. It is of interest to note that for all the systems listed in Table 6 , the values of Log K are invariably positive. This means that the DNA constituents form more stable complexes with Cu(Imip) than with the free Cu(II) ion.
Conclusion
The present investigation describes the complex formation equilibria of imipenem with some selected metal ions of biological significance, to give an idea about its potentiality towards metal ions in biological fluids. The protonation constant of Imip as well as the Cu-Imip complex formation were studied in dioxane-water mixture of different composition in order to check the complexation tendancy of imipenem in media of lower polarity. This allows extrapolating the investigation to some biological micro-environment of low polarity, as active sites of enzymes and side chain proteins. The results show that the formation of the Cu-Imip complex will be more favored in biological environments of low dielectric constant.
The investigation also describes the ternary complex formation equilibria of imipenem with Cu(II) and some selected biorelevant ligands containing different functional groups and occurring in vivo, as amino acids, peptides, dicarboxylic acids and DNA units. Amino acids and peptides form highly stable 1:1 complexes and the corresponding hydroxo species through a simultaneous reaction mechanism. Ternary complex formation with DNA units proceeds through a stepwise mechanism. DNA constituents form both 1:1 and 1:2 complexes. In particular such mixed-ligand coordination is likely to occur with bacterial nucleic acid. The earlier observation that copper-tetracycline complexes can bind DNA units where tetracycline itself cannot is in accordance with our results for imipenem, where Cu-Imip-DNA complex formation is favored as reflected from the positive values of Log K.
The stability data presented in this work arise mainly from data fitting of potentiometric titrations. The ligand and complexes may have interesting biological activity. This would require specially designed research conducted by specialized biologists. It is hoped that the present investigation will be a significant contribution for understanding the antibiotic action in biological fluids where all the selected ligands are present simultaneously.
